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Abstract
Background: The World Health Organisation recommends the use of catch-up campaigns as part of the
introduction of pneumococcal conjugate vaccines (PCVs) to accelerate herd protection and hence PCV impact. The
value of a catch-up campaign is a trade-off between the costs of vaccinating additional age groups and the benefit
of additional direct and indirect protection. There is a paucity of observational data, particularly from low- and
middle-income countries, to quantify the optimal breadth of such catch-up campaigns.
Methods: In Kilifi, Kenya, PCV10 was introduced in 2011 using the three-dose Expanded Programme on
Immunisation infant schedule and a catch-up campaign in children <5 years old. We fitted a transmission dynamic
model to detailed local data, including nasopharyngeal carriage and invasive pneumococcal disease (IPD), to infer
the marginal impact of the PCV catch-up campaign over hypothetical routine cohort vaccination in that setting and
to estimate the likely impact of alternative campaigns and their dose efficiency.
Results: We estimated that, within 10 years of introduction, the catch-up campaign among children <5 years old
prevents an additional 65 (48–84) IPD cases across age groups, compared to PCV cohort introduction alone.
Vaccination without any catch-up campaign prevented 155 (121–193) IPD cases and used 1321 (1058–1698) PCV
doses per IPD case prevented. In the years after implementation, the PCV programme gradually accrues herd
protection, and hence its dose efficiency increases: 10 years after the start of cohort vaccination alone the
programme used 910 (732–1184) doses per IPD case averted. We estimated that a two-dose catch-up among
children <1 year old uses an additional 910 (732–1184) doses per additional IPD case averted. Furthermore, by
extending a single-dose catch-up campaign to children aged 1 to <2 years and subsequently to those aged 2
to <5 years, the campaign uses an additional 412 (296–606) and 543 (403–763) doses per additional IPD case
averted. These results were not sensitive to vaccine coverage, serotype competition, the duration of vaccine
protection or the relative protection of infants.
Conclusions: We find that catch-up campaigns are a highly dose-efficient way to accelerate population protection
against pneumococcal disease.
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Background
With the aid of Gavi, the Vaccine Alliance (Gavi for short),
many low-income countries, in particular across Africa,
have introduced pneumococcal conjugate vaccines (PCVs)
into their infant immunisation programmes. However,
there remain Gavi countries, particularly in south Asia
and northern Africa and some with large infant popula-
tions, who are yet to follow [1]. Country policy makers,
along with global stakeholders, have a high interest in
achieving optimal health impact from PCVs as quickly as
possible; however, approaches for achieving maximum
and rapid impact have to be weighed against relative cost.
In situations where vaccine supply is constrained, as was
the case several years ago for PCVs, issues of efficiency
and equity in vaccine use are also a consideration [2]. The
World Health Organisation (WHO) recommends that
catch-up campaigns can be used as part of the introduc-
tion of PCVs to accelerate the build-up of herd protection
and hence PCV impact [3]. However, it is unclear if such
catch-up campaigns are an efficient way to use PCVs or if
the gains from this approach are less than the relative in-
crease in the number of doses required.
The value of a catch-up campaign is assessed by quan-
tifying the trade-off between the costs of vaccinating
additional age groups and the benefit of additional direct
and indirect protection. However, there are few observa-
tional data on the impact of PCV campaigns, particularly
from low- and middle-income countries (LMICs), to
quantify the optimal approach of catch-up campaigns.
One of the few well-studied examples of a PCV intro-
duction catch-up campaign in an LMIC occurred in
Kilifi, Kenya. The 10-valent pneumococcal non-typeable
Haemophilus influenzae protein D-conjugate vaccine
(PCV10) was introduced into the Kenyan routine
childhood vaccination programme in early January 2011
using the WHO Expanded Programme on Immunisation
(EPI) schedule of three infant doses at 6, 10 and 14 weeks.
Additionally, in Kilifi County, at the introduction of the
cohort programme, a three-dose catch-up campaign was
offered to all infants younger than 12 months of age and a
two-dose catch-up to children 12–59 months of age.
We fitted a transmission dynamic model of pneumococ-
cal carriage (a precondition for disease and the source of
person-to-person community transmission) and disease to
detailed pre- and post-PCV introduction data from Kilifi.
This allowed us to quantify the marginal impact of the
PCV catch-up campaign on carriage and disease in Kilifi
over the hypothetical impact of a routine cohort vac-
cination programme alone in that setting. Using this
framework, we aimed to estimate the dose efficiency of
alternative catch-up campaigns in relation to PCV cohort
introduction alone.
Methods
Data
Study population and mixing patterns
Kilifi County is a mainly rural area on the Indian Ocean
coast of Kenya. The Kilifi Health and Demographic
Surveillance System (KHDSS) was established in 2000.
Approximately 260,000 people reside in the KHDSS
area, and 60% are younger than 20 years of age [4]. Within
the KHDSS numerous studies regarding pneumococcus
and its health effects have been conducted that informed
this work (Table 1). The demographic structure of the
model is based on 2009 mid-year population census esti-
mates and assumes no demographic changes with time.
To adjust for changes in the population age distribution,
we used respective annual mid-year population estimates
Table 1 Overview of model parameters
Model parameters Contribution No. of parameters Prior Posterior
Distribution Mean SD Source Median CR
Study population Age group size Fixed 6 age groups – – – KHDSS [4] – –
Contact patterns Fixed 6 × 6 age groups – – – KHDSS [5] – –
Carriage prevalence Outcome 2 types × 6 age groups – – – KHDSS [11] – –
IPD Outcome 2 types × 6 age groups – – – KHDSS [12] – –
Observed vaccine coverage Fixed 27,040 (weekly age
and time)
– – – KHDSS [4] – –
Transmission dynamics Clearance rates Fixed 2 types × 4 age groups KHDSS [15]
VE carriage (toddlers) Fitted - prior 1 Normal 0.36 0.15 KHDSS [11] 0.56 0.41–0.72
VE IPD (infants) Fitted - prior 1 Normal 0.80 0.1 [22] 0.86 0.67–0.99
Duration of protection (toddlers) Fitted - prior 1 Normal 6 years 3 [23, 24] 5.50 2.05–11.01
Relative level of infant protection Fitted - prior 1 Normal 1 0.1 Assumption 0.97 0.78–1.17
Competition parameter Fitted - prior 1 Log-normal 0.15 0.15 [17, 18] 0.19 0.07–0.44
Susceptibility to infection Fitted - no prior 2 types × 4 age groups
Invasiveness Fitted - no prior 2 types × 4 age groups
CR Credible range, VE Vaccine efficacy
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to calculate the invasive pneumococcal disease (IPD) inci-
dence rates. A cross-sectional prospective diary-based
contact survey was conducted in the northern part of
the KHDSS area in 2009 [5, 6]. In total, 623 randomly
selected participants of all ages produced 568 com-
pleted diaries in which they reported their contacts
during 24 hours and reported 27,395 physical (i.e. skin-
to-skin) contacts with 10,042 unique individuals. This
information was used as a proxy for transmission of
pneumococcal carriage [7, 8]. Standard methods were
used to calculate the WAIFW (Who Acquires Infection
From Whom) mixing matrix for age groups <1 year, 1–
5 years, 6–15 years, 16–19 years, 20–49 years and older
than 50 years for the KHDSS [5, 8–10].
Pneumococcal carriage and IPD
The model was fitted to vaccine type (VT) and non-
vaccine type (NVT) carriage prevalence and IPD inci-
dence between 2009 and 2015 and between 2008 and
2015, respectively. During that period annual cross-
sectional carriage surveys were conducted in the KHDSS
area [11]. In each study a nasopharyngeal swab was
collected from more than 500 randomly selected individ-
uals of all ages. Surveillance with passive case finding for
IPD was introduced at Kilifi County Hospital in 1998 for
children and in 2007 for adults. Among the residents of
the KHDSS area, 30–70 cases of IPD have been reported
annually [12]. Much of that variation is due to changes
in disease caused by serotype 1, which has been reported
previously to be unstable in various settings [13, 14]. As
the mechanisms behind serotype 1 epidemic behaviour
are poorly understood, we used multiple pre-vaccination
years to include this variance into our baseline for the
predictions.
Duration of carriage
We used average age-specific pneumococcal colonisation
clearance rates estimated from a longitudinal carriage
survey in the KHDSS area [15] and reported for the age
groups <22 months, 22–40 months and 41–59 months.
Based on other studies [16], we assumed that clearance
rates in individuals older than 5 years were 60% higher
than in children of age 2–4 years.
Serotype competition
The competition parameter, which determines the pro-
portion by which the likelihood of acquisition is reduced
by heterologous carriage, based on local data was only
estimated as serotype specific [15] rather than for pooled
VT and NVT groups. Thus, we used a log-normal prior
distribution with a median of 0.11 based on estimates
from other settings [17–19].
Vaccine coverage
As part of the KHDSS, electronic individual-based re-
cords of the delivery of vaccines are routinely collected
at vaccine clinics [20]. We calculated weekly estimates of
PCV coverage for the 2 years after PCV introduction;
each was stratified by weekly age cohorts from newborns
up to 5 years of age (Additional file 1: Figure S2). Two
such coverage estimates were calculated: vaccine cover-
age of at least two doses of PCV administered before the
age of 1 year, which was deemed ’infant protection’, and
vaccine coverage of at least one dose of PCV adminis-
tered after the age of 1 year, deemed ’toddler protection’.
The choice of at least two doses for infants and at least
one dose for toddlers was made on the basis of observed
coverage rates. For calculation of the number of doses
used, we assumed that vaccinated infants within the rou-
tine programme received three doses, infants vaccinated
as part of the catch-up received two doses and toddlers
received one dose. Data for vaccination rates were avail-
able only through late 2012; we extrapolated those rates
forward in time by assuming the coverage rates as of
later 2012 to continue for the rest of the study period.
Vaccine efficacy
The efficacy against VT nasopharyngeal carriage of a
single dose of PCV10 administered to children 12–59
months old has been estimated in a randomised con-
trolled trial in Kenya at 36% (95% confidence interval: –
1 to 60) [21]. We further assumed that vaccine efficacy
of PCV10 against VT IPD of a complete primary series
was 80% based on a meta-analysis for PCVs for infants
elsewhere [22]. These two estimates of vaccine efficacy
against VT carriage and VT IPD were used as priors in
the fitting process. Those who were vaccinated in in-
fancy, i.e. before 1 year of age, may have different vac-
cine efficacy against acquisition of colonisation, different
vaccine efficacy against progression to invasive disease
and different duration of protection than vaccinated
toddlers. We allowed for the model to estimate these
three parameters for infants as a common proportion of
respective parameters for toddlers, under the null hy-
pothesis that no difference exists.
Duration of vaccine protection
As estimates of the duration of protection from PCV
were not available from studies within the KHDSS, we
used estimates derived from external studies. Hence our
prior on the average duration of protection against car-
riage and disease is centred around 6 years [16, 23, 24].
Vaccine protection is modelled as leaky protection [25].
Model
We used a Susceptible, Infected and Infectious, Suscep-
tible type model of the transmission of grouped vaccine
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and non-vaccine pneumococcal serotypes as described
previously [16, 17]. The group of vaccine serotypes con-
sisted of all pneumococcal serotypes targeted by PCV10,
i.e. serotypes 1, 4, 5, 6B, 7 F, 9 V, 14, 18C, 19 F and 23 F.
Individuals were grouped into compartments by their
age (weekly age groups until 5 years of age and yearly
age groups thereafter), their infection status (either sus-
ceptible, infected with a vaccine serotype, a non-vaccine
serotype or both at the same time) and by their vaccin-
ation status (unprotected, infant protection, toddler pro-
tection). At acquisition of carriage an age-group- and
serotype-group-specific proportion of carriers develop
disease. These proportions were estimated from the
model alongside vaccine efficacy against carriage and
IPD, duration of protection, the relative level of infant
protection, the competition parameter and the suscepti-
bility to infection (Table 1).
Adaptive Markov chain Monte Carlo methods were
used to fit the model to the observed data (Fig. 1) [26].
A Poisson likelihood was used for IPD, and a multi-
nomial likelihood was used for carriage prevalence. We
used a Metropolis-Hastings algorithm to create samples
from the posterior parameter distributions. Prior infor-
mation was used according to their availability as de-
scribed earlier (Table 1 and Fig. 1).
Vaccination scenarios
After fitting the model parameters to match the ob-
served rates of pneumococcal carriage and disease in the
KHDSS, we created multiple hypothetical PCV introduc-
tion scenarios to determine what would have happened
if PCV10 had been introduced using different catch-up
strategies. For this we define three alternative vaccination
scenarios which assumed that administration of vaccines
followed exactly the vaccine uptake that was observed in
Kilifi for the respective age groups and assumed that no
vaccines were administered outside the age range targeted
by the scenario. These scenarios were:
1. U5 catch-up (observation and extrapolation):
Vaccination according to observed vaccine coverage
in KHDSS (i.e. all children under 5 years of age)
2. U2 catch-up (hypothetical): Vaccination according
to observed vaccine coverage in KHDSS for all
children under 2 years of age
3. U1 catch-up (hypothetical): Vaccination according
to observed vaccine coverage in KHDSS for all
children under 1 year of age
4. Cohort introduction (hypothetical): Vaccination
according to observed vaccine coverage in KHDSS
only for those children eligible for vaccination
through cohort introduction
Sensitivity analysis
We studied how competition, the duration of protection,
the relative protection of infants if compared to toddlers
and the vaccine efficacy against carriage and IPD within
the range of their posterior distribution affected our
Fig. 1 Model fit to carriage prevalence and IPD incidence (a) and prior and posterior parameter estimates (b). We assumed that serotyping
methods would only pick up the predominant serotype and that in case of co-colonisation this was always the vaccine serotype. Points with 95 `
confidence bounds represent data, and lines with ribbons represent median model estimates with 95% credible intervals. In b the grey line indicates
the prior density distribution and the bars the posterior sample
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main outcome, i.e. the number of vaccine doses needed
to prevent a case of IPD (NVN) and the ratio of NVNs
of the considered introduction strategies. We used a
multivariable linear regression model on the centred
posterior samples and reported the 95% credible interval
limits of the joint distribution of the respective param-
eter posterior and the model coefficient as a measure of
the sensitivity of the NVN ratio to the considered
parameters.
We separately assessed the sensitivity of our finding to
variable coverage levels in a univariate sensitivity ana-
lysis. Rather than using the observed coverage levels in
Kilifi, for this we assumed that protection through rou-
tine immunisation as well as the catch-up campaign
achieved either 80%, 60% or 40% coverage.
Results
Our model was able to reproduce Kilifi’s pre- and post-
vaccination epidemiology of near VT elimination across
age groups and serotype replacement with NVTs (Fig. 1).
The introduction of PCV10 together with a catch-up
campaign in children under 5 years old was predicted to
prevent 220 (172–270) cases of IPD in Kilifi within the
first 10 years after the start of the vaccination programme.
Once the full direct and indirect effects (herd protection
and serotype replacement) of the programme are estab-
lished, the vaccination programme is predicted to avert 23
(17–28) cases of IPD annually (Fig. 2a); the majority of
those among children younger than 5 years old (Fig. 1 and
Additional file 1: Figure S1).
The catch-up campaign among children up to 5 years
of age was estimated to accelerate direct and indirect
effects of PCV. By doing so the Kilifi programme was es-
timated to prevent an additional 65 (48–84) cases of IPD
(Fig. 2b) over 10 years in the overall population, if
compared to a cohort introduction without a catch-up
campaign. A catch-up programme confined to children
younger than 2 years or younger than 1 year of age was
estimated to prevent an additional 34 (26–43) or 18
(14–22) IPD cases, respectively, if compared to cohort
introduction alone. The majority of cases averted by the
catch-up campaigns would have occurred within the first
6–8 years after the start of vaccination (Fig. 2a). The age
distribution of cases averted through catch-up cam-
paigns was similar to that averted through routine im-
munisation (Additional file 1: Figure S1).
Within the first 10 years of the PCV infant programme
in Kilifi, about 205,000 doses of vaccine were predicted
to be used as part of the routine immunisation schedule.
The under 5 catch-up campaign required 17,000 add-
itional doses of vaccine (Fig. 3a). We estimated that, in
the 10 years following introduction of PCV10 in Kilifi,
routine vaccination without any catch-up campaigns
would use 1321 (1058–1698) doses of PCV for each case
of IPD averted. As herd protection gradually develops,
this programme gains efficiency in the first years after
introduction; that is, the annual number of cases pre-
vented increases while the number of vaccinated individ-
uals remains similar (Fig. 2a). By the 10th year after the
start of cohort vaccination without a catch-up campaign,
we estimated that routine vaccination uses 910 (732–
1184) doses of PCV per IPD case averted.
The number of vaccine doses needed to prevent a case
of IPD under the four scenarios is shown in Table 2.
Extending catch-up PCV immunisation to children in
the second year of life has the largest marginal efficiency,
but any catch-up campaign is more efficient than rou-
tine birth cohort immunisation. The most efficient intro-
duction strategy for PCV is introduction alongside an
under 5 year old catch-up. All differences between
schedules were found to be significant; i.e. in assessing
the relative NVN, PCV introduction including a catch-
up in children younger than 1, 2 or 5 years old was 4.6%
(3.9–5.2), 6.2% (3.7–20.0) and 8.0% (4.5–12.9) more
Fig. 2 The predicted number of cases averted by PCV10 vaccination in Kilifi if introduced with a catch-up campaign in children younger than 5, 2
or 1 year old and without catch-up campaign. Lines represent median estimates and ribbons 95% credible intervals
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efficient than introduction including no catch-up or
catch-up in children younger than 1 or 2 years old, re-
spectively. Similarly, the numbers of additional vaccine
doses needed to prevent an additional case of IPD via a
catch-up in children younger than 1, 2 or 5 years old
were 0.57 (0.54–0.61), 0.55 (0.40–0.73) and 1.32 (1.22–
1.44) of those needed to prevent an additional case via
cohort introduction alone, catch-up in children younger
than 1 or 2 years old, respectively.
Our results were not sensitive to variations in vaccine
coverage (Additional file 1: Figure S4 and Table S1) or
competition, the duration of protection, the relative pro-
tection of infants by PCV as compared to toddlers and
the vaccine efficacy against carriage and IPD (Additional
file 1: Figure S3).
Discussion
In many high-income countries PCVs have been intro-
duced with the help of catch-up campaigns to accelerate
the direct and indirect protection that is offered to the
community [27–29]. We used extensive data from the
KHDSS, a well-studied mix of rural and urban Kenyan
communities representing a typical low-income setting,
to estimate the incremental effects that different catch-
up campaigns are likely to have over routine vaccination
and, therefore, whether PCV catch-up campaigns are an
efficient use of PCV supply. We found that rapidly in-
creasing the protection in the community via catch-up
not only reduces cases of IPD by direct protection of
older children but also reduces the burden of IPD in the
whole childhood population by developing herd protec-
tion more rapidly. Any of the three catch-up programs
considered in the analysis were estimated to use fewer
vaccine doses to prevent a case of IPD than cohort
introduction during the first 10 years; the catch-up
schedules were more efficient than the routine cohort
vaccination programme alone even after full herd effects
were in place, in the 10th year of the programme. While
the additional catch-up doses given to 1 year olds were
estimated to provide the largest marginal efficiency, we
find that cohort introduction alongside a catch-up
campaign in children under 5 years old was the most
efficient introduction strategy overall.
Data on the observed impact of PCV catch-up cam-
paigns are sparse and mostly circumstantial. Catch-up
campaigns of different sizes have been used for introdu-
cing PCVs into countries including the UK [30], USA
[31], Israel [32], Brazil [33] and Kilifi, Kenya [11]. How-
ever, a head-to-head comparison with cohort introduc-
tions that would allow an evaluation of the additional
Fig. 3 The predicted number of IPD cases averted by PCV10 vaccination in Kilifi with respect to the number of doses administered. In
the dose-efficacy plane (a) the aggregated dose efficiency of the alternative introduction strategies within 10 years after the start of
vaccination is shown. Coloured dots and lines represent medians and 95% credible intervals (the number of doses administered is fixed as
taken from the health register). b shows the (incremental) number of doses needed to prevent one (additional) case of IPD. Figures for
cohort vaccination alone and cohort vaccination in year 10 are presented as absolute values; the catch-up scenarios are presented as
incremental values over the next smaller campaign
Table 2 The impact and efficiency of alternative introduction strategies
Introduction of PCV via IPD averted after 10 years Doses administered Incremental NVN NVN
Cohort only 155 (121–193) 204,671 1321 (1058–1698) 1321 (1058–1698)
+ U1 catch-up 173 (134–216) 218,089 757 (618–973) 1263 (1012–1623)
+ U2 catch-up 189 (147–235) 224,952 412 (296–606) 1188 (958–1527)
+ U5 catch-up 220 (172–270) 241,546 543 (403–763) 1098 (894–1405)
The number of vaccine doses needed to prevent a case of IPD (NVN) is used as a measure of efficiency. Incremental NVN refers to the additional number of doses
needed to prevent one additional cases of IPD in respect to cohort introduction with the next smaller catch-up
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impact of the catch-up is challenging because of the dis-
similarity of the underlying population and other factors
including vaccine coverage, intensity of pneumococcal
transmission, differences in demographic structure and
population mixing, serotype distribution and prevalence
of epidemiological risk factors such as HIV infection.
As well as extending direct protection to older chil-
dren who are also at high risk of pneumococcal disease,
catch-up campaigns also rapidly increase the proportion
of individuals in the transmitting population who are
protected against VT acquisition and hence onward
transmission. This indirect effect is non-linear, prevent-
ing a high number of infections for each increment in
vaccine coverage when that coverage is low but suffering
from a saturation effect for higher coverage levels. As a
result, predictions of the optimal extent of catch-up
campaigns need to account for these non-linear effects;
i.e. they need to incorporate transmission dynamics.
Most of our posterior estimates that had an inform-
ative prior were similar to that prior, showing that in
most instances the model is able to match the data well
using the pre-specified parameter space. The notable ex-
ception was the vaccine efficacy against carriage in tod-
dlers. While the model was unable to replicate the
observed steep decrease in VT prevalence following vac-
cination using the mean prior estimate of 36% efficacy,
the posterior suggests a mean efficacy of 55% which has
been observed in other sites [23] and falls well into the
range of the prior estimate.
We have restricted our analyses to catch-up campaigns
that targeted age groups under 5 years of age, as those
were deemed feasible both from a programmatic and a
supply point of view. However, including older children
may well be efficient, in particular in settings where
older children contribute substantially to the transmis-
sion of pneumococci. Also, we have not considered pro-
grammatic issues associated with implementation of
catch-up campaigns. Due to the immense additional
burden on available staff, catch-up campaigns can dis-
rupt routine immunisation services. Furthermore, we
have studied the most efficient use of PCV10 supply but
not the cost-effectiveness or affordability of catch-up
campaigns for PCV10 introduction. One of the major
differences in a cost-effectiveness analysis is that it takes
into account the higher delivery costs of vaccine through
a supplementary immunisation activity. Assuming that
doses delivered as part of a PCV10 catch-up campaign
were up to 75% more expensive than doses delivered
through the routine EPI schedule, however, did not
qualitatively change our findings on the superior effi-
ciency of catch-up programmes.
We did not account for population growth in our
model, which may impact the transmission dynamics in
the post-vaccination era and hence on our findings.
However, modelling work predicting the impact of
PCV10 in Kilifi from pre-vaccination data has shown
that accounting for population growth in Kilifi is un-
likely to qualitatively change the prediction but only
slightly reduces the long-term impact of vaccination on
IPD [34]. As the impact of a catch-up campaign is
mostly visible within a few years after vaccination, it is
likely largely unaffected by long-term changes in demo-
graphics. Hence, accounting for population growth is
likely to further favour the use of catch-up campaigns
for introduction of PCV. Other models have taken into
account more of the diversity of pneumococcal serotypes
by either modelling them individually or by using finer
groupings [19, 34–36]. Despite the considerable hetero-
geneity of serotypes in regard to their ecology within
both our VT and NVT group, our model captures the
post-vaccination dynamics well. The impact of catch-up
campaigns largely concerns the acceleration of long-
term impact of the programme, and hence nuances in
the dynamics of specific serotypes are unlikely to quali-
tatively change our findings. We have not taken into
account potential underreporting of IPD episodes. How-
ever, extra attention has been paid to that during the
study period; the same procedures were followed at Kilifi
hospital so that ascertainment has not changed, and
hence any such bias in our estimates for relative impact
of PCV introduction strategies should be minimal. Fur-
ther, our primary objective was to estimate the relative
impact of PCV10 introduction with and without catch-
up campaigns. Hence, we chose not to incorporate
factors that influence the absolute impact of pneumo-
coccal vaccination but that should make little difference
to the impact of catch-up campaigns relative to cohort
introduction, such as impact on otitis media, pneumonia
or mortality, secular trends, antibiotic consumption, co-
morbidities or cost. We fit age-group- and serotype-
group-specific pathogenicity and assumed that those
would stay unchanged during the study period. While vac-
cination may have led to a disproportionate emergence of
some serotypes and hence changes in serotype-group
pathogenicity, Nurhonen and Auranen have shown that
the assumption of proportional expansion and hence
unchanged pathogenicity generally holds [37], and our
model fits well to both pre- and post-vaccination IPD
and carriage without the need for allowing a change in
pathogenicity.
The generalisability of our results beyond KHDSS is
dependent on a number of factors. We show in a sensitiv-
ity analysis the robustness of our findings to vaccine
coverage, vaccine efficacy against the carriage and IPD,
the ratio of toddler to infant protection, the duration of
vaccine-induced protection and the between-serotype
group competition (see Additional file 1: Figure S3 and
Figure S4). However, other factors that could not be
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systematically assessed in this analysis include transmis-
sion intensity and serotype distribution. In settings with
higher transmission intensity, birth cohort PCV introduc-
tion likely takes longer to establish full herd effects. As a
result, catch-up campaigns that accelerate the build-up of
herd protection have the potential to prevent more IPD
cases and hence be an even more efficient strategy for
PCV use. Furthermore, we did not account for potential
cross-reactivity of PCV10 against serotypes 6A and 19A,
which has been reported previously [38, 39]. However,
both 6A and 19A carriage prevalence increased in the
post-vaccination era in Kilifi [11].
We assumed that two PCV10 doses in infancy, given
as part of the routine EPI schedule, are similarly effica-
cious at preventing VT carriage and disease as a single
catch-up dose in toddlers and young children. Fitting to
the data from Kilifi, our model did not reject this
hypothesis. While our results are robust to factors in-
cluding these differences in relative protection in infants
and toddlers and variable vaccine coverage (proportion
of protected infants and toddlers), the number of doses
that are administered to establish protection could have
a larger impact. Twelve months after the introduction of
PCV10 in Kilifi, 76% of infants eligible for three doses of
PCV10 aged less than 1 year had received at least two
doses of PCV10, and 62% of children 1–4 years old had
received at least one dose. We have chosen the dosing of
catch-up campaigns to align with what was rolled out in
Kilifi; however, other dosing regimens have been used
[40], notably in south Africa with two doses in infancy
followed by a booster dose at 9 months of age [41]. In
our analysis we assume for simplicity that all children
receive the exact number of doses that in this analysis
was deemed sufficient to induce protection. Drop-out
rates in Kilifi are relatively low; e.g. more than 97% of in-
fants who received one dose go on to receive a second
dose before 1 year of age, but including drop-outs in the
analysis would further decrease the efficiency of the
cohort introduction in comparison to the catch-up
campaigns. To define protection in our model, we used
two doses in infancy and one dose for catch-up cam-
paigns as a protective schedule but assumed that vacci-
nated children would eventually receive three doses as
part of the routine schedule or alternatively two doses
or one dose if part of the catch-up campaign in <1 year
old or older children, respectively. Assuming instead
that the children protected through routine immunisa-
tion and catch-up campaigns had received two doses
and one dose, respectively, did not qualitatively change
the results.
Conclusions
Pneumococcal conjugate vaccines (PCVs) are among the
most expensive vaccines currently available and make up
more than 30% of the annual budget of Gavi. Proposed
ways to use PCVs more efficiently include a potential
reduction in the number of infant doses if herd effects
have been established [42] or a dilution of the current for-
mulation. We show here that catch-up campaigns present
an important, readily available tool which can increase the
efficiency of the PCV’s impact on disease at introduction.
For countries yet to introduce, or potentially also for
countries with lagging coverage, strategies that include
catch-up campaigns warrant serious consideration.
Additional file
Additional file 1: Supplemental materials. (DOCX 1719 kb).
Acknowledgements
We thank the study participants from the KHDSS, the Ministry of Health
District Health Management Team in Kilifi County and the dedicated team of
fieldworkers, data managers and laboratory scientists who worked on the
various studies included in this analysis.
Funding
The modelling work was funded by Gavi, the Vaccine Alliance (2001759775
and 50390116); the fieldwork was supported by Gavi and the Wellcome
Trust. JAS was supported by a fellowship from the Wellcome Trust (098532).
DJN was supported by a Senior Investigator Award from the Wellcome Trust
(102975). KOB was supported by a grant from Gavi. OLPW was supported by
a doctoral research fellowship from the AXA Research Fund.
Availability of data and materials
The majority of datasets used and/or analysed during the current study are
available from the indicated published resources. The remaining data,
including model code, are available from the corresponding author on
reasonable request.
Authors’ contributions
JAS and WJE designed the study. SF conducted the analyses, interpreted the
results and wrote the first draft of the manuscript. JO, OLPW, MO, KOB, MK,
DJN, WJE and JAS advised on methodology and/or data interpretation. All
authors have contributed to the writing of the manuscript. All authors have
read and approved the final manuscript.
Competing interests
SF has received funding related to pneumococcal vaccine research from
the Bill & Melinda Gates Foundation, the World Health Organisation and
Gavi, the Vaccine Alliance. KOB has research funding related to
pneumococcal vaccine from the National Institutes of Health,
GlaxoSmithKline, Pfizer, the Bill & Melinda Gates Foundation and Gavi, the
Vaccine Alliance. WJE’s partner works for GlaxoSmithKline. JAS is a member
of the Joint Committee of Vaccination and Immunisation, has received
financial support for research on pneumococcal vaccines from the
Wellcome Trust, the National Institute for Health Research (UK), GAVI, the
Vaccine Alliance and PATH Vaccine Solutions and has done consultancy
work on pneumococcal vaccines for PATH Vaccine Solutions. All other
authors declare that they have no competing interests.
Ethics approval and consent to participate
The data used to fit these models were obtained from a longitudinal
surveillance system funded by Gavi, the Vaccine Alliance, approved by the
National Ethical Review Committee of KEMRI (SSC#1433) and the Oxford
Tropical Research Ethics Committee. All study subjects or respective parents
or guardians provided written informed consent.
Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
Flasche et al. BMC Medicine  (2017) 15:113 Page 8 of 10
Author details
1Department of Infectious Disease Epidemiology, London School of Hygiene
and Tropical Medicine, Keppel Street, WC1E 7HT London, UK. 2Kenya Medical
Research Institute (KEMRI)-Wellcome Trust Research Programme, Centre for
Geographic Medicine Research-Coast, Kilifi, Kenya. 3International Vaccine
Access Center, Johns Hopkins Bloomberg School of Public Health, Baltimore,
MD, USA. 4University of Warwick and WIDER, Coventry, UK.
Received: 22 February 2017 Accepted: 22 May 2017
References
1. International Vaccine Access Center - Johns Hokins Bloomberg School
of Public Health. PCV introduction status [Internet]. 2015. http://www.
jhsph.edu/research/centers-and-institutes/ivac/resources/maps.html.
Accessed 5 Sept 2016.
2. UNICEF. Supply Division. Pneumococcal conjugate vaccine: supply &
demand update. Copenhagen: UNICEF Supply Division; 2014.
3. World Health Organization. Pneumococcal vaccines — WHO position paper.
Wkly Epidemiol Rec. 2012;14:129–44.
4. Scott JAG, Bauni E, Moisi JC, Ojal J, Gatakaa H, Nyundo C, et al. Profile: The
Kilifi Health and Demographic Surveillance System (KHDSS). Int J Epidemiol.
2012;41:650–7.
5. Kinyanjui TM. Modelling the transmission dynamics of RSV and the impact
of routine vaccination. Coventry: University of Warwick; 2013.
6. Kiti MC, Kinyanjui TM, Koech D, Munywoki PK, Medley GF, Nokes DJ.
Quantifying age-related rates of social contact using diaries in a rural coastal
population of Kenya. PLoS One. 2014;9:e104786.
7. le Polain de Waroux O, Flasche S, Kucharski AJ, Langendorf C, Ndazima D,
Mwanga-Amumpaire J, et al. Identifying human encounters that shape
transmission of Streptococcus pneumoniae and other respiratory infections.
BioRxiv. 2017. https://doi.org/10.1101/116079.
8. Mossong J, Hens N, Jit M, Beutels P, Auranen K, Mikolajczyk R, et al. Social
contacts and mixing patterns relevant to the spread of infectious diseases.
PLoS Med. 2008;5:e74.
9. Wallinga J, Teunis P, Kretzschmar M. Using data on social contacts to
estimate age-specific transmission parameters for respiratory-spread
infectious agents. Am J Epidemiol. 2006;164:936–44.
10. Kinyanjui TM, House TA, Kiti MC, Cane PA, Nokes DJ, Medley GF. Vaccine
induced herd immunity for control of respiratory syncytial virus disease in a
low-income country setting. PLoS One. 2015;10:e0138018.
11. Hammitt LL, Akech DO, Morpeth SC, Karani A, Kihuha N, Nyongesa S, et al.
Population effect of 10-valent pneumococcal conjugate vaccine on
nasopharyngeal carriage of Streptococcus pneumoniae and non-typeable
Haemophilus influenzae in Kilifi, Kenya: findings from cross-sectional
carriage studies. Lancet Glob Heal. 2014;2:e397–405.
12. Scott A, Hammitt L, Morpeth S, Shariff S, Kamau T, Etyang A, et al.
Pneumococcal Conjugate Vaccine Impact Study (PCVIS) [Internet]. 2017.
http://kemri-wellcome.org/programme/pcvis-2/. Accessed 20 Feb 2017.
13. Black S. The volatile nature of pneumococcal serotype epidemiology:
potential for misinterpretation. Pediatr Infect Dis J. 2010;29:301–3.
14. Harboe ZB, Benfield TL, Valentiner-Branth P, Hjuler T, Lambertsen L, Kaltoft
M, et al. Temporal trends in invasive pneumococcal disease and
pneumococcal serotypes over 7 decades. Clin Infect Dis. 2010;50:329–37.
15. Lipsitch M, Abdullahi O, D’Amour A, Wen X, Weinberger DM, Tchetgen ET,
et al. Estimating rates of carriage acquisition and clearance and competitive
ability for pneumococcal serotypes in Kenya with a Markov transition mode.
Epidemiology. 2012;23:1–10.
16. Melegaro A, Choi YYH, George R, Edmunds WJ, Miller E, Gay NJ. Dynamic
models of pneumococcal carriage and the impact of the Heptavalent
Pneumococcal Conjugate Vaccine on invasive pneumococcal disease. BMC
Infect Dis. 2010;10:90.
17. Choi YH, Jit M, Gay N, Andrews N, Waight PA, Melegaro A, et al.
7-Valent pneumococcal conjugate vaccination in England and Wales: is
it still beneficial despite high levels of serotype replacement? PLoS One.
2011;6:e26190.
18. Auranen K, Mehtälä J, Tanskanen A, Kaltoft MS. Between-strain competition
in acquisition and clearance of pneumococcal carriage—epidemiologic
evidence from a longitudinal study of day-care children. Am J Epidemiol.
2010;171:169–76.
19. Nurhonen M, Cheng AC, Auranen K. Pneumococcal transmission and
disease in silico: a microsimulation model of the indirect effects of
vaccination. PLoS One. 2013;8:e56079.
20. Adetifa IMO, Bwanaali T, Wafula J, Mutuku A, Karia B, Makumi A, et al.
Cohort profile: The Kilifi Vaccine Monitoring Study. Int J Epidemiol. 2016;
dyw202. https://doi.org/10.1093/ije/dyw202.
21. Hammitt LL, Ojal J, Bashraheil M, Morpeth SC, Karani A, Habib A, et al.
Immunogenicity, impact on carriage and reactogenicity of 10-valent
pneumococcal non-typeable Haemophilus influenzae protein D conjugate
vaccine in Kenyan children aged 1–4 years: a randomized controlled trial.
PLoS One. 2014;9:e85459.
22. Lucero MG, Dulalia VE, Nillos LT, Williams G, Parreño RAN, Nohynek H, et al.
Pneumococcal conjugate vaccines for preventing vaccine-type invasive
pneumococcal disease and X-ray defined pneumonia in children less than
two years of age. Cochrane Database Syst Rev. 2009. doi:10.1002/14651858.
CD004977.pub2.
23. Le Polain De Waroux O, Flasche S, Prieto-Merino D, Goldblatt D, Edmunds WJ.
The efficacy and duration of protection of pneumococcal conjugate vaccines
against nasopharyngeal carriage. Pediatr Infect Dis J. 2015;34:858–64.
24. Waroux O le P de, Edmunds WJ, Takahashi K, Ariyoshi K, Mulholland K,
Goldblatt D, et al. Predicting The Impact Of Pneumococcal Conjugate
Vaccine Programme Options In Vietnam: A Dynamic Transmission Model.
BioRxiv. 2017. https://doi.org/10.1101/121640.
25. Haber M, Longini IM, Halloran ME. Measures of the effects of vaccination in
a randomly mixing population. Int J Epidemiol. 1991;20:300–10.
26. Dureau J, Kalogeropoulos K, Baguelin M. Capturing the time-varying drivers
of an epidemic using stochastic dynamical systems. Biostatistics. 2013;14:
541–55.
27. Flasche S, Hoek AJV, Sheasby E, Waight P, Andrews N, George R, et al. Effect
of pneumococcal conjugate vaccination on serotype-specific carriage and
invasive disease in England: a cross-sectional study. PLoS Med. 2011;8:
e1001017.
28. Ben-Shimol S, Givon-Lavi N, Greenberg D, Dagan R. Pneumococcal
nasopharyngeal carriage in children <5 years of age visiting the pediatric
emergency room in relation to PCV7 and PCV13 introduction in southern
Israel. Hum Vaccin Immunother. 2015. doi:10.1080/21645515.2015.1095414.
29. Sharma D, Baughman W, Holst A, Thomas S, Jackson D, da Gloria CM, et al.
Pneumococcal carriage and invasive disease in children before introduction
of the 13-valent conjugate vaccine: comparison with the era before 7-valent
conjugate vaccine. Pediatr Infect Dis J. 2013;32:e45–53.
30. Miller E, Andrews NJ, Waight PA, Slack MP, George RC. Herd immunity and
serotype replacement 4 years after seven-valent pneumococcal conjugate
vaccination in England and Wales: an observational cohort study. Lancet
Infect Dis. 2011;11:760–8.
31. Pilishvili T, Lexau C, Farley MM, Hadler J, Harrison LH, Bennett NM, et al.
Sustained reductions in invasive pneumococcal disease in the era of
conjugate vaccine. J Infect Dis. 2010;201:32–41.
32. Ben-Shimol S, Greenberg D, Givon-Lavi N, Elias N, Glikman D, Rubinstein
U, et al. Rapid reduction in invasive pneumococcal disease after
introduction of PCV7 into the National Immunization Plan in Israel.
Vaccine. 2012;30:6600–7.
33. Brandileone MC, Zanella RC, Almeida SC, Brandao AP, Ribeiro AF,
Carvalhanas T-RMP, et al. Effect of 10-valent pneumococcal conjugate
vaccine on nasopharyngeal carriage of Streptococcus pneumoniae and
Haemophilus influenzae among children in São Paulo. Brazil Vaccine.
2016;34:5604–11.
34. Ojal J, Flasche S, Hammitt LL, Akech D, Kamau T, Sharif SK, et al. The
long-term population effects of pneumococcal vaccines on carriage of
pneumococcal serotypes and subsequent disease in Kenya: a mathematical
model based on pre-vaccination data. J Vac. In press.
35. Flasche S, Edmunds WJ, Miller E, Goldblatt D, Robertson C, Choi YH. The
impact of specific and non-specific immunity on the ecology of
Streptococcus pneumoniae and the implications for vaccination. Proc R Soc
B Biol Sci. 2013;280:20131939.
36. Cobey S, Lipsitch M. Niche and neutral effects of acquired immunity permit
coexistence of pneumococcal serotypes. Science. 2012;335:1376–80.
37. Nurhonen M, Auranen K. Optimal serotype compositions for pneumococcal
conjugate vaccination under serotype replacement. PLoS Comput Biol.
2014;10:e1003477.
38. Domingues CMAS, Verani JR, Montenegro Renoiner EI, de Cunto
Brandileone MC, Flannery B, de Oliveira LH, et al. Effectiveness of ten-valent
Flasche et al. BMC Medicine  (2017) 15:113 Page 9 of 10
pneumococcal conjugate vaccine against invasive pneumococcal disease in
Brazil: a matched case-control study. Lancet Respir Med. 2014;2:464–71.
39. Clarke CJP, Hausdorff WP. Further evidence for the effectiveness of
PCV10 against Streptococcus pneumoniae serotype 19A. Lancet Respir
Med. 2014;2:e7.
40. Usuf E, Bottomley C, Adegbola RA, Hall A. Pneumococcal carriage in sub-
Saharan Africa—a systematic review. PLoS One. 2014;9:e85001.
41. Cohen C, von Mollendorf C, de Gouveia L, Naidoo N, Meiring S, Quan V, et
al. Effectiveness of 7-valent pneumococcal conjugate vaccine against
invasive pneumococcal disease in HIV-infected and -uninfected children in
South Africa: a matched case-control study. Clin Infect Dis. 2014;59:808–18.
42. Flasche S, Van Hoek AJ, Goldblatt D, Edmunds WJ, O’Brien KL, Scott JAG, et
al. The potential for reducing the number of pneumococcal conjugate
vaccine doses while sustaining herd immunity in high-income countries.
PLoS Med. 2015;12:e1001839.
•  We accept pre-submission inquiries 
•  Our selector tool helps you to find the most relevant journal
•  We provide round the clock customer support 
•  Convenient online submission
•  Thorough peer review
•  Inclusion in PubMed and all major indexing services 
•  Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit
Submit your next manuscript to BioMed Central 
and we will help you at every step:
Flasche et al. BMC Medicine  (2017) 15:113 Page 10 of 10
